ABSTRACT
I
NORGANIC NITROGEN is much less stable in flooded soils than in aerobic soils. In many flooded soils and shallow lake sediments, conditions exist under which both nitrification and denitrification can proceed at the same time. The instability of inorganic nitrogen in flooded systems is apparently due to the presence of an aerobic zone that supports nitrification and an anaerobic zone that supports denitrification. In flooded soils and shallow water bodies, molecular oxygen (O 2 ) in the water overlying the soil surface penetrates a short distance into the soil before being consumed, creating a thin aerobic surface layer. Flooded rice soils and many shallow lake sediments are therefore characterized by two distinct soil layers; (i) a surface aerobic (oxidized) ' Contribution from Laboratory of Flooded Soils and Sediments. Dep. of Agronomy, Louisiana Agric. Exp. Stn., Louisiana State Univ., Baton Rouge, LA 70803. Presented before a joint meeting of Div. S-l and Div. S-3, Soil Sci. Soc. Am. at Chicago, 111., 12 Nov. 1974 . Received 25 June 1975 . Approved 10 March 1976 Research Associate; Professor, Agronomy Dep., Louisiana State Univ. and Professor, Agronomy Dep., Univ. of Kentucky, Lexington, KY, respectively.
layer, ranging from a few mm in thickness in soil with high biological activity to 2 cm or more in thickness in soils with low biological activity, and (ii) an underlying anaerobic (reduced) soil layer (Pearsall and Mortimer, 1939; Mitsui, 1954; Alberda, 1953; Howler and Bouldin, 1971; Patrick and Delaune, 1972) .
Ammonium-nitrogen reactions in a flooded soil are greatly influenced by the presence of the aerobic and anaerobic soil layers. Several studies have shown that the NH 4 + -N present in the surface soil layer will be oxidized to NO 3~-N, which in turn will readily diffuse down into the anaerobic soil layer where it undergoes denitrifi cation (Pearsall, 1950; Mitsui, 1954; Abichandani and Patnaik, 1955; Patnaik, 1965; Patrick and Tusneem, 1972; Broadbent and Tusneem, 1971) . Considerable amounts of N have been shown to be lost by this mechanism, especially where NH 4 + -N was applied to the overlying floodwater or on the surface aerobic soil layer.
Experiments with 15 N have shown that more NH 4 + -N is lost from a flooded soil than is actually present in the aerobic soil layer at any one time (Tusneem and Patrick, 1971; Broadbent and Tusneem, 1971) . Apparently NH/-N diffuses from the anaerobic soil layer to the aerobic soil layer where it undergoes nitrification and denitrification (Patrick and Delaune, 1972; Patrick and Reddy, 1976) . Ardakani et al. (1974a Ardakani et al. ( , 1974b have shown that rate constants for NH 4 + -N oxidation to NO 3~-N were proportional to the numbers of NH 4 + -N oxidizing organisms. No experiments reported to date, however, have verified this process. The present study was initiated to determine the net transport of NH 4 + -N from the anaerobic soil layer to the overlying aerobic soil layer that takes place as a result of the concentration gradient established by NH 4 + -N oxidation to NO 3~-N in the aerobic soil layer. Another objective was to compare the experimental values obtained for NH 4 ' f -N disappearance resulting from nitrification-denitrification reactions with those calculated from theoretical equations developed to describe the NH 4 + -N loss from flooded soil.
THEORETICAL CONSIDERATIONS In a flooded soil NH 4
+ -N is stable in the anaerobic soil layer, but may be nitrified in the aerobic soil layer. If the entire flooded soil profile is initially at a uniform concentration of NH 4 + -N, nitrification in the aerobic soil layer causes a concentration gradient to develop between the aerobic-anaerobic layers. Therefore, NH 4 + -N diffuses from the anaerobic soil layer to the aerobic soil layer. As nitrification proceeds, the increase in concentration of NO 3~-N in the aerobic layer results in a diffusive flux of NO 3~-N from the aerobic soil layer to the anaerobic soil layer. The NO 3~-N in the anaerobic soil layer may then be denitrified and eventually lost from the system as N 2 gas.
Laboratory experiments were conducted in order that the measured concentration distribution of NH 4 + -N and loss of NH 4 + -N from a flooded soil could be compared to the theoretical concentra- fusion problem is shown in Fig. 1 . The second-order differential equations describing concentration of NH 4 + -N as a function of soil depth and time and the initial and boundary conditions are as follows:
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where C = concentration of NH 4 + -N in aerobic layer, jitg/cm 3 of soil; C* = concentration of NH/-N in anaerobic layer, ^g/cm 3 of soil; D = apparent diffusion coefficient of NH 4 + -N in soil, cm 2 /day; since the soil is saturated, D should remain constant and be the same value in both the aerobic and anaerobic layers; k = rate constant of zero-order reaction for nitrification in aerobic layer, /u.g cm~3 day"
1 ; C 0 = initial concentration of NH 4 + -N in soil column assumed to be constant, /ug/cm 3 of soil; x = space coordinate, cm; t = time, days; and a = thickness of aerobic layer, cm. + -N in the soil column is uniform and of constant value C 0 at time equal to zero. Equation [3] states that there will be no flux of NH 4 + -N from the aerobic soil layer to the overlying floodwater; the depth of the floodwater is assumed to be infinitely small. Equation [6] states that the concentration of NH 4 + -N at the lower end of the soil column will not change during the duration of the experiment. Equation [7] insures that the concentration functions at the interface of the aerobic-anaerobic layer are equal and continuous. Equation [8] insures that the diffusive flux of NH 4 + -N out of the anaerobic soil layer equals the diffusive flux into the aerobic soil layer. 
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The quantity, F(t) of NH 4 + -N which has diffused from the anaerobic layer into the aerobic soil layer at any time, t, can be found by the use of Eq. [11].
F(t)=D ^ [dC*(Q,t)/dx]dt
The erfc (Z) used above is standard notation for the complementary error function; e.g., erfc Z = 1 -(2/7r 1/2 )//exp(-.y 2 ) dy. It should be noted that Eq. [11] is independent of C 0 , the initial concentration of NH 4 + -N in the soil. 
MATERIALS AND METHODS
The soil used in the present study was Crowley silt loam obtained from the Rice Experimental Station, Crowley, Louisiana. Air dried soil samples were passed through a 40-mesh sieve, thoroughly mixed and stored in tightly sealed containers until used. Some pertinent properties of the soil used are shown in Table Table 1 1. Finely powdered ammonium sulfate was used as the N source and was mixed with the dry soil on a roller mixer for several hours. Plexiglass columns (24 cm long and 4.5 cm diameter) were used to prepare soil columns such that all initial and boundary conditions imposed by the theoretical model were satisfied. The plexiglass columns were provided with a 1-cm thick base of a paraffinpetroleum gel (2:1 ratio). Soil containing 200 /^g NH 4 + -N/g of soil was added to the columns with enough water to completely saturate the soil. The soil in the columns had a bulk density of 1.145 g/cm 3 and an NH 4 + -N content of 229 /tg/'cm 3 . The atmosphere above the soil in the columns was completely displaced with argon and incubated for a period of 1 week to insure uniform anaerobic conditions throughout the soil column. The soil columns were then covered with a thin layer of floodwater and incubated in the dark for periods of 7, 15, 30, 60, 90, and 120 days at 28°C under the atmosphere level of 0 2 (21%). At the end of each incubation period the soil columns were horizontally sliced into 2-mm sections without freezing the soil (unpublished method). Each sectioned sample was rapidly dried at 40°C and analyzed for NH 4 + -N by direct steam distillation as described by Bremner (1965a) . This method consisted of addition of 2N KC1 (pH 2.5) plus excess MgO and distillation of NH 3 . The NH 3 was collected in 0. IN H 2 SO 4 and determined by nesslerization. The NO 3~-N in the soil was analyzed using the phenoldisulfonic acid method. The total carbon was determined by dry combustion (Allison et al., 1965) and total nitrogen was determined by macro-Kjeldahl method (Bremner, 1965b) .
RESULTS AND DISCUSSION

Development of Aerobic Soil Layer
The thickness of aerobic soil layer was measured in the anaerobic soil columns after exposure to the aerobic atmo- sphere overlying floodwater for different periods of incubation. This was done based on the reddish-brown color developed by ferric iron in the soil, the thickness of this colored layer being directly related to the thickness of the aerobic soil layer (Pearsall and Mortimer, 1939; Howler and Bouldin, 1971) . The difference in color of this layer and the dark grey color developed by the anaerobic soil layer was easily detected. During the first week of incubation, a very thin aerobic soil layer developed on the surface of the anaerobic soil. After 15 days the aerobic soil layer increased to a depth of 0.5 cm and further increased to 1.25, 1.5, 1.6 and 2.0 cm after 30, 60, 90, and 120 days incubation, respectively. The thickness of the aerobic soil layer was probably determined by the supply of 0 2 and the readily decomposable amount of organic matter (Engler and Patrick 1974; Patrick and Delaune, 1972) . The thickness of the aerobic soil layer as measured by the ferric iron color development was in close agreement with the NO 3~-N distribution in the soil columns.
Distribution of NH 4 + -N and NO 3~-N in the Aerobic and Anaerobic Soil Layers
The distribution of NH 4 + -N in the aerobic and anaerobic soil layers is presented in Fig. 2a, 2b , and 2c. The distribution of extractable NH 4 + -N was fairly uniform throughout the soil column after 7 days, except for a slight disappearance at the surface. After 15 days NH 4 + -N steadily decreased in both aerobic and anaerobic soil layers. The disappearance was more striking in the columns incubated for 30 to 120 days. Brujewicz and Zaitseva (1972) observed low NH 4 + -N concentration in the aerobic layer (brown layer) and high NH 4 + -N concentration in the anaerobic layer (gray layer) in the cores obtained from ocean sediment.
The possible mechanisms involved in the disappearance of NH 4 + -N are explained as follows. The NH 4 + -N present in the surface aerobic soil layer was readily oxidized to NO 3~-N. This is a biological reaction, which requires 0 2 since the NH 4 + -N oxidizers are obligately aerobic autotrophs (Alexander, 1965) . The NH 4 + -N oxidizers were shown to occur in large numbers in the surface layer of the soil column (Volz et al. 1975) . Immediately following nitrification in the aerobic soil layer a concentration gradient of NH/-N was established across the aerobic and anaerobic soil layers. The NH 4 + -N present in the anaerobic soil layer diffused across the aerobic soil layer and was further subjected to nitrification and subsequent denitrification reactions. Similar cyclic oxidation and reduction of N was observed by Volz et al. (1975) even under unsaturated conditions. The amount of NO 3~-N in the aerobic soil layer was low at any given time and decreased with depth as shown in Fig. 4 , indicating denitrification of NO 3~-N. The aerobic soil layer acts as a sink for NH 4 + -N diffusing from the anaerobic soil layer, whereas the anaerobic soil layer acts as a sink for the NO 3~-N diffusing from the aerobic soil layer (Fig. 1) . The presence of an aerobic surface layer in a flooded soil, lake, and ocean bottom is of great importance, as it also acts as a sink for several other nutrients such as phosphate, iron, and manganese (Armstrong, 1965; Mortimer, 1971; Fitzgerald, 1970; McKee et al. 1970) , and the presence of an underlying anaerobic soil layer aids in the removal of NO 3~-N from the overlying floodwater (Engler and Patrick, 1974) .
The diffusion coefficients (D) for NH 4 + -N and NO-f-N and the rate of nitrification in the aerobic layer were experimentally measured in independent experiments (unpublished results) for Crowley silt loam. The D value for NH/-N and NCV-N was found to be 0.216 and 1.33 cm 2 /day, respectively, whereas the rate of nitrification was found to follow zero-order kinetics with a rate constant of 3.18 g cm" 3 day" 1 . The denitrification rates are generally high compared to the nitrification rate for Crowley silt loam (Patrick, 1960) . A combination of rapid NO 3~-N diffusion and high NO 3~-N reduction rate was the probable factor for low accumulation of NO 3~-N in the aerobic layer (Fig. 3) . Thus the sequence of events regulating the loss of applied NH 4 +-N from flooded soil include NH 4 + -N diffusion, nitrification, NO 3~-N diffusion, and denitrification.
Distribution of NH 4 + -N as predicted by the theoretical equations did not agree well with the experimental distributions in the aerobic soil layer for the 90-day incubation period, but did agree more closely in the anaerobic soil layer (Fig. 4) compared to the theoretical values. A reasonable explanation for the disagreement of the experimental and theoretical distributions of NH 4 + -N concentration in the aerobic soil layer is that the k value (oxidation of NH 4 + -N to NO 3~-N) decreased with depth in the aerobic soil layer; in other words, the oxidation of NH 4 +-N to NO 3~-N decreases as redox potential decreases or as O 2 concentration decreases. However, this explanation has not been validated. Another reason for the disagreement of the two distribution curves is that the depth of the aerobic soil layer was assumed to be constant (1.5 cm) in the theoretical distributions while in the experimental columns the depth of the aerobic soil layer increased as a linear function of t 112 . The influence of the moving boundary of the aerobic soil layer on NH 4 + -N loss from flooded soils and sediments is presently being investigated in this laboratory.
The total NH 4 + -N disappearing from the soil column was calculated for the experimental distributions by the following equation (Fig. 5) : + -N disappearing due to diffusion only, N t = total NH 4 + -N disappearing from the soil column, and N 0 = NH 4 + -N disappearing in the aerobic soil layer. It was assumed that no loss of NH 4 + -N occurred either through NH 3 volatilization or NH 4 + fixation in the clay lattice. It was also assumed that no NH 4 + -N was converted to NO 3~-N in the anaerobic soil layer.
The total loss of NH 4 + -N obtained experimentally was as high as 0. 34, 1.33, 5.06, 7.15, 8.93, and 12.43 g N/m 2 occurring at 7, 15, 30, 60, 90, and 120 days incubation, respectively, as compared to 44.84 g N/m 2 present at the beginning of the experiment. The loss of N as a result of diffusion from the anaerobic soil layer at the end of the 120-day incubation was 7.16 g N/m 2 , compared to a total loss of 12.43 g N/m 2 . This estimate is equivalent to a total NH/-N loss of 124.3 kg N/ha during the 4-month incubation period, which amounts to about 1 kg N/ha/day. This value is higher than would occur under natural conditions, since the soil or sediment system usually does not have such a high initial concentration of NH 4 + -N. The contribution of NH 4 " I "-N diffusion to N loss at low NH 4 + -N concentration in a flooded soil or sediment system should be approximately in the same proportion as was shown by the above calculation for high NH 4 + -N concentrations. The theoretical NH/-N losses F(t) (Eq. [11] ) in the soil columns were calculated for three nitrification rates (k values) after 30, 60, 90, and 120 days of flooding. These data, along with NH 4 + -N losses from the experimental soil columns, are shown in Table 2 . The F(t) values were calculated from Eq. [11] . The total loss of NH 4 + -N was calculated from the product of k, t, and a. These calculations assumed that a, the depth of the aerobic soil layer, was 1.5 cm throughout the incubation period. A D value (diffusion coefficient of NH 4 + -N in saturated Crowley silt loam) of 0.216 cm 2 /day was used in the calculations. The k value of 3.18 /ag/cm 3 /day was measured in an independent experiment; the other value of 5.00 jug cnT 3 day"" 1 was chosen arbitrarily and 6.67 /u.g cm" 3 day" 1 was calculated from the NH 4 + -N disappearance data in the present experiments (for zero-order reaction and a = 1.5 cm). The theoretical F(t) values (total amount of NH 4 + -N diffusing from the anaerobic layer to the aerobic layer in time (t) for a k value of 5.00 Hg cm~3 day" 1 agreed reasonably well with the corresponding values obtained from the experimental columns for 60, 90, and 120 days. The theoretical and experimental values for total disappearance agreed best for the experimental k value of 6.67 /ug cm" 3 day" 1 . The use of second and third rate constants points out that the value 3.18 Mg/cm 3 /day (first rate constant) was apparently smaller than the k values operating in the column experiments reported; thus they do serve useful purpose. The disappearance of NH 4 + -N from a flooded soil system for appreciable time periods is dependent upon the diffusive flux of NH 4 + -N from the anaerobic soil layer to the aerobic soil layer. From Eq. [11] , it is seen that F(t) is directly proportional to k.
Considering that the diffusion coefficient of NH 4 + -N in water-saturated soil is about 0.216 cnvVday, the rate of ni- 
